Abstract: This paper presents a facile method of producing graphene nanosheets by organic liquid-assisted electrochemical exfoliation using tetramethyleammonium hydroxide (TMAH) as organic electrolyte. The process involves low-cost copper as ground electrode and carbon block as anode or cathode. The application of organic electrolyte eliminates the presence of unwanted metal ions on the graphene nanosheets. To the best of our knowledge, this is a maiden effort of producing graphene with pure organic electrolyte using TMAH with low-cost copper electrode. By the use of TMAH, conformal large-area graphene nanosheets of 4.3 nm thickness with an average sheet diameter of 3-4 μm have been obtained. Graphene nanosheets are characterized by X-ray diffraction, field emission scanning electron microscopy, transmission electron microscopy, ultraviolet-visible spectroscopy, Fourier transform infrared, Raman spectroscopy, and atomic force microscopy. Raman characterization confirms the conservation of the intrinsic nature of few-layer graphene. Graphene nanosheets are dissolved in a polar aprotic solvent dimethylformamide and are drop coated on the Si/SiO 2 substrate to make a thin film of graphene. Films are annealed to remove any residual solvent attached to it. Different annealing temperatures (50-200°C) were reported. Sheet resistances were measured before and after annealing, with a remarkable decrease afterward. Current-voltage characteristics were studied to evaluate the conductivity of the graphene nanosheets produced.
Introduction
Graphene has proved to be very effective in many research fields with its unique electronic configuration, which allows it to shape a number of hybridized atomic orbitals. The primitive element carbon in graphene makes covalent bonds adhere to each other. This highly directive covalent bond facilitates the carbon atom to adapt into various molecular and crystalline structures. This ultimately settles the varied chemical and physical properties of the carbon allotropes [1] .
Among different allotropes, mono-and multi-layer graphenes have achieved the milestone of the present era and have revealed limitless scientific and technological breakthroughs with nano-device applications, particularly in optoelectronics and sensor applications. As there is no hindrance for the electrons to flow, they behave as massless particles and move at a speed of thousand kilometers per second inside the graphene layer.
Excellent thermal conductivity (~5000 W/m-K) and ultrahigh electrical mobility (~200,000 cm 2 /V-s) [2] make this material an obvious choice for use in superfast gas sensor applications in the near future.
A limitation to the potential use of graphene as an electronic material is the lack of control over two-dimensional (2D) material properties once it is deposited on a supporting substrate. It is highly desired to grow graphene onto silicon wafer to overcome the CMOS incompatibility. Large-area graphene can be grown easily on Cu/Ni substrates, but its transfer onto the silicon is very tricky. Synthesis of graphene has been reported by several researchers. Mechanical exfoliation has been the trendiest choice for producing graphene with minimum cost. Still, it suffers from the formation of structural defects that results in low conductivity due to the scattering of electrons inside the graphene layer. Moreover, its low productivity limits the synthesis of graphene in large quantity.
Epitaxial growth on silicon carbide seems lucrative for producing monolayer graphene with an extraordinary electronic property. However, issues like controlling the thickness and repeatability of large-area graphene are matters that should be given attention before the process can be adopted in the semiconductor industry. Further, this technique demands a very high temperature and an ultrahigh vacuum environment. Surface roughness is another drawback of this process, which limits the lateral extension of crystallites.
Although chemical vapor deposition (CVD) is one of the established methods of producing graphene [3] [4] [5] [6] [7] , it is still a costly procedure as very expensive equipments are required to accomplish it [8] . Moreover, the chemical delamination of CVD-grown graphene for transfer to more useful substrate is not fabrication friendly and is also a time-intensive job. Also, this chemical etching does not ensure the absolute removal of the catalytic metal layer deposited onto the substrate. Either atomic-level or nano-sized metallic contamination has always been there, adsorbed onto the graphene surface. These impurities have a negative impact on the electronic and electrochemical properties of graphene.
In the solution phase, chemically derived graphene offers unique advantages [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Hummers' method is one of the well-accepted techniques in this route. This process involves the oxidation of graphite into thin graphene oxide (GO) [24, 25] , followed by chemical or thermal reduction. However, the drawbacks remain. The oxidation process results in harsh damages to the honeycomb lattices of graphene, and also, a reduction in GO engages the high temperature requirement.
There are many other exfoliation methods such as liquid phase exfoliation with ultrasonic agitation and also chemical reduction of exfoliated and intercalated GO, but the process demands subsequent physical processing to produce graphene nanosheets (GNSs).
To circumvent the difficulties associated with the production of graphene, the present work suggests a simplistic approach of producing graphene through an electrochemical exfoliation technique [26] . As per the work made earlier, this process offers better control over the thickness of the graphene layer with ease of fabrication.
Su et al. has reported on a process for electrochemical exfoliation of graphite in sulphuric acid to obtain highquality and large-area GNSs. In their work, natural graphite flake or highly oriented pyrolytic graphite (HOPG) was employed as an electrode and also as the source of graphene for electrochemical exfoliation. A platinum (Pt) wire was chosen as a ground electrode. They used many different electrolytes and were finally satisfied with H 2 SO 4 with a ramping bias of ±10 V for the interval of 1 min. These exfoliated GNSs and related products were collected using filtration and re-dispersed in dimethylformamide (DMF) solution. Further, to reduce the acid-induced defect, the authors applied a different trick. KOH was added to the H 2 SO 4 solution to lower the acidity level of the electrolyte solution and optimized the exfoliation condition. As per their report, the thickness of the exfoliated GNSs was nearly 2 nm. The lateral size of these electrochemically exfoliated GNSs ranges from 1 to 40 μm [2] .
Santhanam et al. has reported on a process and system for the electrochemical production of graphene, GO, graphene quantum dots, graphene/GO metal composites, graphene/GO-coated substrates, and also graphene/ GO metal composite coated substrates in a single-step process involving no secondary purifications. In this process, an electrochemical cell containing electrodes with variable gaps, including a zero gap, is utilized. An anode electrode including graphite and a cathode electrode including an electrically conductive material with an electrolyte-free electrochemical bath, including water and an organic liquid, were used. Applying an electrical potential between the anode and the cathode produces joule heating along with oxygen embrittlement, sufficient to cause deposition of a metal/graphene composite [27] .
According to Liu et al. GNS was prepared by electrochemical functionalization of graphite. They reported a one-step electrochemical approach for the preparation of ionic-liquid-functionalized graphite sheets with the mixture of an ionic liquid and water. These ionic-liquid-treated graphite sheets can be exfoliated into functionalized GNSs. A static potential of 15 V was applied between the two graphite rods (that act as electrodes). The authors have also determined that different types of ionic liquids and different ratios of ionic liquid to water can influence the properties of the GNSs. As per their observations, the average length of GNS was up to 700 nm, with a width of 500 nm, and the sheets were crumpled. In addition, the electrical conductivity of the GNS/polystyrene composite was also investigated. This composite showed a conductivity of 13.84 S/m, which is 3-15 times higher than the polystyrene composites filled with single-walled carbon nanotubes [28] .
Cooper et al. has reported on a non-oxidative production route of producing few-layer graphene via the electrochemical intercalation of tetraalkylammonium cations into pristine graphite. Two types of working electrode (HOPG and a graphite rod) were employed in the threeelectrode system, which also consisted of a Pt wire counter electrode and silver wire (with glass frit) or Pt wire as the pseudo-reference electrode. These two types of graphite electrode yielded slightly different results. First, HOPG offers greater advantages in terms of the exfoliate size, but the source electrode setup introduces difficulties to the procedure and requires the use of sonication. Second, using a graphite rod electrode, few-layer graphene (2 nm thickness) is directly formed, although the flake diameters from this source are typically small (ca. 100-200 nm). Significantly, for a solvent-based route, the graphite rod does not require ultrasonication or any secondary physical processing of the resulting dispersion [29] .
Tripathi et al. have reported on the synthesis route, which is based on electrochemical exfoliation of graphite. Instead of using strong acids (which oxidize and damage the geometrical topology of graphene), they used alkaline solution only (KOH dissolved in water) as electrolyte, graphite as an anode, and Pt as a cathode. As per their justifications, one of the advantages of using pure alkaline electrolyte may be that it will not oxidize the graphitic anode, particularly at the edges, but use of Pt electrode is lavish. Moreover, the use of KOH or H 2 SO 4 in electrochemical exfoliation process is not able to address the removal of metal ions from the graphene sheet [30] . So there is a need for some revision, which is economical and more effective as compared to the already existing techniques to achieve contaminant-free graphene layer.
This work reports on the synthesis of graphene by an electrochemical exfoliation technique that comes up with some solutions to circumvent the abovementioned bottlenecks. First, a low-cost ground electrode (Cu) was adopted to make the process economical. Second, an attempt was made to use a pure organic electrolyte, tetramethyleammonium hydroxide (TMAH; (CH 3 ) 4 NOH dissolved in water), not used so far as per our knowledge. TMAH is a very strong base, pH > 13 at 20°C, with a basicity (pK b ) of 4.2. Methyl groups promote the organic character. TMAH holds back the presence of metal ions on the GNSs. This solution-based method makes graphene amenable to be processed into the form of film, on most substrates, including the flexible type.
Electrochemical exfoliation with organic alkaline electrolyte leads to a larger lateral extent with no disorder at the edges, and structural characterizations by X-ray diffraction (XRD), field emission scanning electron microscopy (FESEM), and atomic force microscopy (AFM) give us the crystallographic orientation, surface morphology, and grain structure. Optical characterization is done by ultraviolet-visible (UV-Vis) spectroscopy to find out the defects and impurities. Also, we have investigated the impurities and defects present in the asdeposited sample by Fourier transform infrared (FTIR) spectroscopy. A comparison of the different electrochemical exfoliation techniques reported so far for the synthesis of graphene with the present work is presented in Table 1 . Electrochemically exfoliated graphene can be best suited for gas sensor application owing to its typically less defective and more conductive nature.
When gas molecules are adsorbed on the graphene surface, the localized change in the carrier concentration can be considered as same as in doping. This doping causes the 2D electron system in graphene to be tuned to a 2D electron gas. Unlike other material, the high mobility and metal-like conductivity of graphene limit the background noise in transport phenomenon. By exploiting these characteristics of graphene, an ultrasensitive sensor has been developed by using simple graphene field effect transistor devices, which can detect parts per billion levels of toxic gases with fast response time and higher sensitivity.
Experimental

Materials
All the chemicals were of analytical reagent grade and used as received, without further purification. TMAH, DMF (Merck, Germany), DI water, CB154 Makita carbon block, size: 6.5 × 13.5 × 16 mm, brand: IUGIS, 99.9% pure copper plate of 1 mm thickness. Figure 1 shows a schematic of the electrochemical exfoliation setup. TMAH is used as an organic alkaline electrolyte by diluting TMAH (Merck, Germany) in DI water (10 ml) with varying pH, 10-13.5. A higher pH value is preferred as it will not oxidize the carbon block mostly at the boundaries. The optimum result was found with pH 13. Figure 2A (i, ii, and iii) shows the optical images of electrodes. This complete electrodes assembly was immersed into TMAH keeping the contacts with the connecting wire just above the electrolyte surface. The carbon and copper electrode were kept at a distance of 3 cm.
Electrochemical exfoliation of graphene
The electrochemical exfoliation was passed out by first putting on a dc voltage of 2.5 V for 10 min to wet the sample. After this, a high bias voltage (+8 V and −8 V) was applied on the carbon block at an interval of 6 s. The application of high potential on the carbon block results in the quick dissociation of the carbon block through the edges and sprinkled in the solution, as shown in Figure 2B .
This procedure takes place for nearly 20 min to considerably exfoliate the graphite flakes. Figure 2B (i, ii, and iii) demonstrates the optical images of the electrochemical exfoliation setup at the beginning, 5 min after it starts, and 20 min after it ends. Throughout the exfoliation, there are two kinds of graphitic flakes formed; the first one becomes sediment at the bottom of the flask, which contains thick graphitic fragments. Another kind of graphitic sample floats on the surface of the electrolyte. Figure 2C (i) shows an optical image of graphene flakes floating on the surface of an electrolyte after electrochemical exfoliation. These flakes are nearly transparent and have been found to consist of few-layer graphene. These exfoliated graphenes are collected and filtered through a centrifuge filtration technique (REMI, R-12C Plus) at 9000 rpm to obtain the graphene flakes. In order to remove the residual products, filtered graphitic flakes were washed repeatedly with DI water and finally were dried using a vacuum dryer for 72 h at room temperature to obtain exfoliated graphene.
This electrochemical exfoliation claims the consecutive application of anodic and cathodic potential to the carbon block in organic electrolyte. Majority of the research includes Pt as a second electrode in a twoelectrode system where this scheme uses copper plate as a second electrode. Research shows that mere use of a positive potential in the graphite anode facilitates the intercalation of negative anions into the graphite layers [29] [30] [31] [32] . The result is the gradual expansion of graphite with successive exfoliation of graphene. This method is less efficient as significant amounts of oxygen functionalities were found in the produced graphene with a compromise in its electrical properties. On the other hand, mere use of a negative potential forces the intercalation of positive ions from the electrolyte into graphite layers, followed by expansion and exfoliation. The later one consumes more time as compared to the prior one, although it confirms the production of graphene with high conformity. The present work combines both the alternatives mentioned above. Consecutive application of both positive and negative potentials to the carbon block facilitates the handshaking of intercalation with the exfoliation, making it a faster choice of producing scalable graphene.
It worth mentioning that anodic exfoliation oxidizes the graphene sheet. Subsequently, cathodic exfoliation reduces the presence of functional groups that have been produced through anodic exfoliation, thus increasing exfoliation efficiency. Figure 3 shows a schematic overview of anodic and cathodic exfoliation mechanisms.
Device fabrication
Exfoliated graphene was dispersed in a polar aprotic solvent DMF (Merck, Germany) to form a solution. The concentration of the DMF solution is preferably 0.9 mg/ ml. Figure 2C (ii and iii) shows the optical images of graphene powder and dispersed GNSs in the DMF solution. The dispersion was ultrasonicated (GT SONIC, VGT 1620QDT) for 30 min to obtain a homogeneous solution of GNSs. The solution was kept for 48 h and then drop coated on a SiO 2 /Si substrate (1-5 Ω-cm) using a micro-pipette technique to obtain the GNS. The device dimension was 5 mm × 5 mm, having an electrode area of 1 mm × 1 mm, with electrode spacing of 1 mm. Five different samples of similar types were prepared by this method and were dried for 48 h at room temperature.
Samples were annealed at five different temperatures (50, 75, 100, 150, and 200°C) each to remove any residue present.
For contact electrode, Pd-Ag (70%) was deposited by the e-beam vacuum evaporation technique (chamber pressure ~10 −6 mbar) on the samples using Al shadow mask. The contacts were taken using fine copper wire and silver paste. Figure 4 shows the schematic representation of the device.
Characterization of GNS
The quality of GNS was examined by FESEM (JEOL JSM-6700F, 5 kV and 10 μA), XRD (ULTIMA-III) with Cu-Ka target (k = 1.54 Å), FTIR (Nicolet MagNA-IR560 spectrometer), UV-Vis spectroscopy (U-3010 spectrophotometer; Hitachi, Japan), Raman spectroscopy (Horiba Jobin-Yvon Lab RAMHR 800 micro-Raman spectrometer double grating excited by 512 nm laser), and AFM (Veeco, DI3100 Nanoman AFM) measurements to study the particle size, surface morphology and chemical composition, thickness, and crystalline nature of graphene. Transmission electron microscopy (TEM) measurements were conducted with a JEOL JEM-2010 microscope.
Electrical measurement study
The electrical measurements were carried out in a test chamber under a continuous flow of nitrogen (500 sccm). Normally, the device was kept in the chamber for 1 h before the experiment started. The current-voltage (I-V) data were collected on an Agilent multimeter (U1252A).
A hot probe method was performed in this experiment to determine the type of conductivity of GNS. To study the sheet resistance of the five different samples that have been prepared at different annealing temperatures (50, 75, 100, 150, and 200°C) each, a four-point probe system (Jandel, RM3000) was employed. 
Results and discussion
Structural characterization
XRD analysis
The XRD pattern of the exfoliated graphene investigated using an X-ray diffractometer is presented in Figure 5 . A strong and sharp peak at 26.2° (JCPDS file no. 17-2461) indicates a well-ordered structure and corresponds to a basal spacing of d002 = 0.348 nm, calculated from Bragg's law (nλ = 2dsinθ), which is larger than the graphite (sharp peak at 26.6°) with a d-spacing of 0.335 nm due to the presence of oxygen functional groups in between the carbon sheets and also in compliance with the reported value [23] .
Contamination due to the presence of Cu ions has been reported by Santhanam et al. [27] . As per the report, graphene deposited using copper cathode shows distinct features in XRD at 2θ reflections at 12.3°, 26.3°, 44.2°, 54.8°, 77.6°, and 82.9°. The first two reflections are attributed to GO. The other four reflections are very week due to Cu (111), (200), (220), and (311), respectively. In the present work, Cu was used as ground electrode and no Cu peak was found in the XRD data ( Figure 5 ), confirming that TMAH forms metal complexes with Cu ions, thus reducing the contamination of the graphene layer.
Morphological characterization 3.2.1 FESEM study
FESEM images of electrochemically exfoliated graphene thin film investigated using FESEM are shown in Figure 6A . From these images, it can be concluded that the lateral size of the GNSs is quite large and up to ~4 μm and has a uniform lamellar structure. The lateral size found in the present work is larger as compared to previously reported values [28, 35] . Figure 6B shows the TEM images and statistical analysis for the interlayer distance of graphene. The interlayer distance obtained from high-resolution TEM is about 0.35 nm, which is larger than that of ordinary graphite (0.335 nm).
TEM analysis
AFM analysis
The surface morphology of the GNS was characterized by AFM. Figure 7A shows a typical height profile of exfoliated GNS drop casted on a SiO 2 substrate. A zoomedin 5 × 5 μm AFM micrograph of nearly 50 × 50 μm area of Si/SiO 2 substrate supporting GNSs is presented in Figure 7B . The thickness was calculated from the height difference between the surface of graphene and that of the substrate, as shown in Figure 7A , and was found to be 4.3 nm. Further, the GNS ensemble shows that the GNSs were comprised of three to five layers, indicating successful synthesis of few-layer graphene with minimal breakage. The lateral size of these electrochemically exfoliated GNSs ranges from 3 to 4 μm. Figure 8A shows the FTIR spectra of GNS obtained in these steps confirming the presence of OH − ion in the graphene liable for the detachment of the graphitic layer from the bulk. The presence of different types of oxygen functionalities in GNSs was confirmed in a broad and wide peak at 3446 cm −1 . Stretching vibration, which is attributed to the C-OH groups, is present in the GNSs. The presence of C-OH groups specifies that OH − radicals exist in combination with exfoliated graphene. The absorption bands at 1629 cm −1 and 2920 cm −1 can be ascribed to benzene rings. The sharp intense peak at 1020 cm −1 can be attributed to CO carboxylic.
Optical characterization 3.3.1 FTIR spectroscopy
UV-Vis analysis
UV-Vis spectroscopy was performed on a U-3010 spectrophotometer (Hitachi, Japan). Figure 8B represents the UV-Vis absorption spectra of GNS. Absorption spectra were recorded at room temperature in the range of 200-800 nm spectrometers. The suspension of GNS in DMF was used as the UV-Vis samples, and the pure DMF was used as reference. Maximum absorption is observed at 230 nm wavelength, related to π-π* transition of aromatic C-C bonds.
Raman spectroscopy
Raman spectra determine the crystallinity, as well as the number of graphene layers, present in the sample. Figure 9 shows the full Raman spectra of GNSs. Two distinct prominent peaks at 1343 cm −1 and 1580 cm −1 corresponding to the D and G bands, respectively, were observed, which is in compliance with the reported value [36] . The D line is caused by the structural disorder of graphene, mainly associated with surface dislocations of the GNS deposited onto the substrate. The larger D band signifies an increasing number of graphene layers. The G band is assigned to E 2 g vibrational mode and arises due to the stretching of C-C bonds in sp 2 hybridized hexagonally bonded carbon atoms. There is also a 2D band positioned at 2679 cm −1 observed in the spectra, confirming the formation of multi-layer graphene with interstitial defects. The G band is quite sharp (FWHM ~60 cm −1 ). The larger the ratio of I 2D /I G (the peak ratio between 2D and G bands), the greater is the degree of sp 2 hybridization. In this case, I 2D /I G is 0.85, confirming the production of multi-layer graphene [37] . I 2D /I G ≥ 2 confirms the formation of monolayer graphene.
The deviation of the peak position from the ideal one implies the strain induced in the graphene layer during the high-temperature thermal treatment of the substrate as they have different thermal expansion properties. Raman spectra also set up the possibility of finding out the type of charge carriers present in the graphene layer by analyzing the position of the 2D peak. As reported by many researchers [38] , a blueshift of the 2D peak position indicates p-type doping, whereas a red shift signifies n-type. Pristine graphene can be confirmed by the position of a 2D peak at 2690 cm . The present work reflects the n-type conductivity of graphene as the present position of 2D peak is at 2679 cm −1 . Additionally, the intensity ratio of the D to G band (I D /I G ) is used to find the defects present in the sample, and if it is ~1, the defects are prominent. In this case, it is ~0.3, which indicates a fewer number of defects in the graphene layer.
Electrical characterization
Hot probe method
The hot probe characterization method is invariably used to establish the type of conductivity of GNS. This is the simplest method to determine whether the semiconductor is n-type or p-type by tracking the majority charge carriers only. Two outputs are taken from the wafer and the experiment is performed by contacting one of the outputs with a hot probe, generally a soldering iron, and the other is kept as it is. The heated one is connected to the positive terminal of the meter and the cold one is connected to the negative terminal of the meter. If the semiconductor is n-type, then on passing the current, a positive voltage will be generated in the meter, and vice versa. This study shows the positive voltage in the meter confirming the production of n-type graphene.
Sheet resistance
An increase in annealing temperature results in the GNSs combining to each other, forming various intersheet junctions due to the varied size and shape of the sheets. This intersheet junction performs a crucial role in the electrical conduction of the graphene layer. Figure 10A shows the variation in sheet resistance as a function of annealing temperature. The experiment was performed using a fourpoint probe system. The sheet resistance of the as-prepared sample annealed at 50°C was found to be 7.08 KΩ/sq, and at 200°C, it was found to be ~1.38 KΩ/sq, with a large decrease in the value. It was observed that after 50°C, sheet resistance starts decreasing, probably due to the beginning of the recrystallization process, and at 200°C, it was reduced drastically because of the decrease in structural defects (residual functionalities) present in the film. The rate of decrease in sheet resistance is faster at the beginning and slow as the temperatures increases.
I-V characteristics
The electrical property of the exfoliated graphene was found to be satisfactory compared to that of the most popular method of producing graphene, which requires many consecutive steps, including oxidation of graphite with high temperature reduction. With careful control of annealing temperature (50°C-200°C) in the N 2 environment of 30 min each, the conductivity of the GNS can be controlled easily. Figure 10B shows the conductivity of the GNS for five different annealing temperatures with five different bias voltages (1-5 V). Higher-temperature annealing results in an improvement in conductivity and, hence, film quality. The excellent conductivity of the GNS reflects the tightly packed graphene layers due to the removal of residual functionalities and also due to the well-allied sheet morphology in the in-plane direction.
Conclusion
The multi-layer graphene was grown by electrochemical exfoliation of carbon block in an organic electrolyte (TMAH). Carbon block was used as both anode/cathode and copper was used as ground electrode. The graphene layers were verified by a well-known Raman spectroscopy, which is based on multiple-resonance phenomenon due to the presence of sp 2 hybridized carbons in the graphene. The prominent RAMAN peaks "D", "G" and "2D", the ratio of which has been used to determine the number of layers (multi-layers in this case) in the graphene structure and the position of which is used to determine type of conductivity of graphene.
TEM characterization has been used to study the interlayer distance of multi-layer graphene. XRD is another tool used to determine the presence of different functional groups on the carbon sheet and was employed to find the basal spacing (0.343 nm) of different carbon layers in the GNS. The AFM study, in compliance with Raman characterization, confirms the production of multi-layer graphene with very good surface finish and lateral dimensions in the range of 3-4 μm. Si/SiO 2 was used as a substrate to deposit GNS by drop casting of DMF/graphene solution.
The exfoliated graphene exhibited improved conductivity after annealing at five different temperatures due to the removal of residual functionalities from the GNS.
This work presents a facile approach to achieve highquality, cost-effective, and scalable production of GNSs to pave the path for next-generation gas-sensor devices with improved sensor parameters. 
